Fe and K simultaneously doped ZnO thin films Zn 0.99 K 0.01 (Fe) O ( = 1, 2, 3, and 4%) were synthesized by chemical bath deposition method. The XRD investigation reveals that all the doped ZnO thin films are in hexagonal wurtzite crystal structure without impurity phases. With increase in Fe concentration, the growth of thin films along c axis is evident from the XRD which indicates the increase in intensity along (002) direction. The same is visible from the surface morphology which shows the formation of hexagonal structure for higher Fe concentration. The topography shows gradual variation with Fe incorporation. The optical energy band gap obtained from the transmittance spectrum decreases from 3.42 to 3.06 eV with increase in Fe concentration indicating the red shift and this trend is consistent with the earlier experimental results. The UV emission is centered around 3.59 eV. The optical constants such as refractive index, extinction coefficient, and absorption coefficient which are essential for the optoelectronic applications were also determined.
Introduction
Zinc oxide is an amazing material for numerous applications such as photodetectors, antireflecting coating, thin film solar cell, LEDs, and lithium-ion batteries [1] [2] [3] [4] [5] due to its wide band gap (3.445 eV) and high binding energy (60 eV) [1, 6] . Due to its unique optical, semiconductor, and optical properties, ZnO thin films have been extensively studied for various applications. Several methods such as chemical bath deposition, MOCVD, melt growth, ion implementation, DC reactive magnetron cosputtering, and hydrothermal and simple chemical pyrolysis have been used to synthesize ZnO thin films [7] [8] [9] [10] [11] [12] [13] . Of late, ZnO thin films are being fabricated by codoping for enhancing the efficiency of ZnO film in optoelectronic devices.
Alkali elements are well-known materials for tuning ZnO optical and electrical behaviors. Alkali doped ZnO films have been broadly investigated in recent decades. Kim et al. reported that, when K doped ZnO thin films were synthesized on Al 2 O 3 (001), the optical properties were improved [14] .
Xu et al. also reported that the optical emission was emerged while K doped ZnO was annealed during different temperatures [15] . Depending on the different types of substrates such as Si (111), ZnO exhibited different emissions such as green and yellow emissions at 529-567 nm and 600-640 nm due to oxygen vacancy and oxygen interstitials, respectively [16] . For Na-doped ZnO, the carrier mobility was 2.1 cm
and structural and optical properties were reported elsewhere [17, 18] . Li doped ZnO is also used for developing the ferroelectric, optical, and multiphonon properties of ZnO semiconductor [19, 20] . In latest decades, Fe doped ZnO has been synthesized for optical properties [21] because Fe is well-known optical emitter in doped ZnO. Zhang et al.
reported [22] that the optical mechanism of ZnO alloyed with Fe ion. Not only optical properties but also Fe is well known as a doping element for altering the magnetic and electrical properties [23] [24] [25] . As per the literature till date the study on the optical properties of K and Fe doped ZnO thin films has not been reported yet. Both Fe and K when doped to ZnO separately, they modify the band gap and also the luminescence characteristics and hence, the Fe and K simultaneously doped to ZnO can bring out some interesting results and so in the present study, (K, Fe) codoped ZnO thin films were investigated for the influence on the optical properties. The optical properties of K doped ZnO films show that 1% of K exhibited better optical properties [31] . For further optical investigation, the transition metal Fe is added into ZnO:K (1%) due to its excellent optical emission property. The simple chemical bath deposition method is employed to fabricate these films. The influence of Fe concentration on the optical behavior has been revealed in the transmittance and photoluminescence sections. In the present work, 1% K doped ZnO would be indicated as ZnO:K (1%). The main purpose of this study is to examine the effect of Fe ion concentration on optical properties of ZnO:K (1%) films.
Experimental Work
Codoped (K, Fe) ZnO films were synthesized by chemical bath deposition method. Here, ZnCl 2 (AR MERCK), KOH (AR MERCK), KCH 3 COO (AR MERCK), and FeSO 4 ⋅ 7H 2 O (AR MERCK) were the precursor materials and doping source materials, respectively. Initially, ZnCl 2 and KOH were dissolved in the triple distilled water with 1 : 1 ratio and stirred using magnetic stirrer at 60 ∘ C for 10 minutes. Then one percentage of potassium acetate was added in 1 : 1 ratio prepared homogeneous solution. After that, different percentages of Fe (1 at %, 2 at %, 3 at %, and 4 at %) were added to the solution for doping. In the synthesized homogenous solution, HCl is added to keep the pH at 8. The solution was cooled to room temperature and microglass slide was used as substrate. The substrate was cleaned by HCl, acetone, and double distilled water. Then the cleaned substrate was immersed vertically in the solution using substrate holder. Finally, the solution was steadily stirred by magnetic stirrer to get the uniformly coating on the substrate. After 45 minutes of deposition, the uniform coated substrates were taken out from the solutions and cleaned with double distilled water and then dried in air. Finally, thin films are kept in the furnace and calcined at 400 ∘ C for 1 hour.
Results and Discussion

Structural Analysis.
The XRD pattern of codoped (K, Fe) ZnO thin films is shown in Figure 1 . All the thin films exhibit hexagonal crystal phase and it is confirmed with standard JCPDS card (PDF numbers 891397 and 890510) number. In XRD pattern, the three prominent peaks such as (100), (002), and (101) were obtained for all films without any secondary phase. In our previous report, three prominent peaks such as (100), (002), and (101) were observed for ZnO:K (1%) 
Intensity (a.u.) thin film [31] . In the present work, when Fe concentration is increased, the crystal properties of the codoped ZnO thin films have changed. The low intensity peak was observed for ZnO:K (1%) [31] . However, in the present work, it is observed that when Fe is introduced, the intensity of three prominent peaks has changed. The variation in intensity indicates the incorporation of Fe ions in the lattice of ZnO site. In the doping process, the three prominent peaks are shifted from higher to lower angles due to the different ionic radius of Fe such as Fe 3+ and Fe 2+ . For 2, 3, and 4% of Fe, the three prominent peaks shifted to higher angle than 1% Fe due to the inclusion of Fe 3+ (0.068 nm) [11, 32] . For 4% Fe, the (002) peak shifts to lower angle due to the high ionic radius (0.078) of Fe 2+ [33, 34] . In the entire XRD pattern, the intensity of (002) plane varied for different Fe ion concentrations which indicates that the film is grown along -axis. In the XRD pattern, the high intensity of (002) plane reveals the improved crystallinity [35] . The full width at half maximum of (002) peaks is significantly varied with various Fe concentrations. For 4% Fe, the FWHM is lower than others. Saha et al. reported that the low FWHM reveals the deterioration of the crystallinity [36] . For the codoped ZnO film, average crystal size and average crystal strain were calculated and are summarized in Table 1 .
The crystalline sizes of thin films are calculated using Scherrer formula: Figure 3 . In all EDAX spectrums, the substrate peak is presented between 2.4 and 2.5 eV [31] .
Surface Morphology Analysis and EDAX Spectrum.
Surface Topology.
In Figure 4 three-dimensional (3D) surface topography of (K, Fe) codoped ZnO thin films is presented. Surface topography was scanned at 5 × 5 m in tapping mode. 
Transmittance Spectrum and Optical Band Gap.
The transmittance spectrum of (K, Fe) codoped ZnO nanofilms is shown in Figure 5 . The (K, Fe) codoped ZnO thin films exhibit a low transmittance as seen in Figure 5 . In the visible region, the transmittance is 50%, 45%, 25%, and 10% for 1, 2, 3, and 4 at % Fe, respectively, and the transmittance is found to decrease with increase in Fe dopant concentration. Due to the film thickness, the incident light is much absorbed and so the transmittance light intensity is less pronounced. This fact is well reported by the absorption coefficient values of these thin films ( Figure 9 ). The optical band gap of codoped (K, Fe) nano-ZnO films is calculated from the following formula:
where ℎ] is photon energy and is energy gap. The optical band gaps of codoped ZnO films are shown in Figure 6 . The optical energy gap can be obtained by extrapolating the linear part to -axis. In our previous work, the band gap was 3.94 eV for ZnO:K (1%) film [31] . The energy gap reduces due to the increase in Fe doping concentration. The band gap values are 3.42 eV, 3.24 eV, 3.18 eV, and 3.06 eV for 1, 2, 3, and 4 at % Fe, respectively, thus indicating the red shift. C. S. Prajapati et al. reported that when Fe ion was doped with ZnO, the optical band gap changes [40] . However, Xu and Li reported that the band gap of ZnO was increased by Fe ion concentrations [38] . The red shift was also observed for ZnO thin films due to the high doping material, renormalization effect [41] , and film thickness [21, 42] . Among the three factors, the change in the optical band gap also depends on the thickness of the thin film.
Optical Constants.
The refractive index of codoped ZnO films is calculated from the following formula:
The refractive index of codoped ZnO thin films as function of wavelength is shown in Figure 7 . The refractive index varies with variation in Fe concentrations. In the visible region the light is normally dispersed due to the contribution of virtual electronic transition [43] and lower dense medium. For the 375 nm, the refractive index of codoped ZnO thin film is 5. films exhibit significant changes and are also suitable for integrated optical device application. The normal dispersion indicates that the films do not have voids or any defects. The lower values of extinction coefficient indicate the smoothness of the thin film. Figure 8 shows the variation of optical band gap, refractive index, and extinction coefficient of Fe concentrations. In Figure 8(a) , the optical band gap decreases significantly with increases in Fe concentrations. Figure 8(b) shows that the refractive index of codoped ZnO films is increased (at = 375 nm) considerably for different doping (Fe) concentrations. This indicates that the light normally travels through the medium. Moreover, the extinction coefficient ( ) reveals the well smoothness of thin films surface. Figure 9 shows the absorption coefficient ( ) of (K, Fe) 5 cm −1 for 1, 2, 3, and 4% of Fe, respectively. In the present investigation, in the UV region, the absorption of light depends on the thickness of the film. The higher absorption of ZnO thin films is suitable for antireflecting coating (ARC) and optoelectronic applications [44] . Figure 10 shows the photoluminescence spectrum of (K, Fe) codoped ZnO films at room temperature. Generally, UV emissions exist in the range between 360 nm and 380 nm [45] . The UV emission was observed at 389 nm for ZnO:K (1%) [31] . In the present PL spectrum, UV emission appears around 345 nm (3.59 eV) due to the free exciton [46] . However, in the photoluminescence spectrum, the intensity of UV emission significantly varies for 1, 2, and 3% of Fe ion concentrations but the UV intensity is reduced for 4% Fe ion concentration. This may be due to the low concentration of Zn and O and it can be seen in EDAX spectrum. This is the evidence for the variation of UV intensity in the photoluminescence. The weak blue emission is presented with low intensity at 437 nm due to the low interstitial of Zn [47] . The red emission is obtained in the range between 661 nm and 663 nm due to the surplus of oxygen or interstitials of oxygen [48] . The peak position of the photoluminescence depends on the contribution between the free exciton and transition between free electrons to acceptor bound holes [49] . And also the position and intensity of UV and red emissions in PL are enhanced by incorporation of Fe ion in ZnO lattice site. In this study photoluminescence spectrum clearly reveals that the codoped ZnO thin films are defect free.
Photoluminescence Study.
Conclusion
In the current work, the optical properties of (K, Fe) codoped ZnO thin films synthesized on glass substrate by chemical bath deposition technique have been investigated. The X-ray diffraction analysis confirms the hexagonal crystal structure of ZnO thin films. The grains with hexagonal morphology were observed for different Fe ion concentrations. The average thin film surface roughness decreases with increase of Fe ion concentration. The optical transmittance decreases due to the film thickness. The optical band gap of codoped ZnO thin films decreases due to different doping concentration. The different optical properties such as refractive index and absorption coefficient revealed that the optical behavior of thin films and the low extinction coefficient value indicate the better quality of the film. The absorption coefficient shows an increase with doping concentration. The photoluminescence spectrum revealed that the codoped ZnO thin films are mostly defect free. The present study shows that codoped (K, 
